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Ab initio total energy calculations show that the antiferromagnetic (111) order is not the ground
state for the ideal CuMnSb Heusler alloy in contrast to the results of neutron diffraction experi-
ments. It is known, that Heusler alloys usually contain various defects depending on the sample
preparation. We have therefore investigated magnetic phases of CuMnSb assuming the most com-
mon defects which exist in real experimental conditions. The full-potential supercell approach and
a Heisenberg model approach using the coherent potential approximation are adopted. The results
of the total energy supercell calculations indicate that defects that bring Mn atoms close together
promote the antiferromagnetic (111) structure already for a low critical defect concentrations (≈
3%). A detailed study of exchange interactions between Mn-moments further supports the above
stabilization mechanism. Finally, the stability of the antiferromagnetic (111) order is enhanced by
inclusion of electron correlations in narrow Mn-bands. The present refinement structure analysis of
neutron scattering experiment supports theoretical conclusions.
PACS numbers: 75.25.+z,75.30.Et,75.47.Np,75.50.Ee
I. INTRODUCTION
Ferromagnetic Heusler and semi-Heusler alloys are ma-
terials with interesting physical properties. We refer
the reader to a comprehensive recent review.1 Several of
them, due to their halfmetallic character, structural sim-
ilarity with semiconductors, Curie temperatures above
the room temperature, full spin polarization at the Fermi
energy, and low magnetization damping are materials
with potential in technological applications. The typ-
ical examples of such halfmetallic alloys are the semi-
Heusler NiMnSb alloys, the full Heusler alloy Co2FeGa
or Mn2CoAl with the inverse Heusler structure.
Halfmetallic Heusler alloys are usually ferromagnets,
but there are also antiferromagnetic (AFM) alloys which
can be potential materials for the so-called antiferromag-
netic spintronics.2 Recently the anisotropic magnetore-
sistance of the AFM-FeRh alloy was studied both exper-
imentally and theoretically.3 The antiferromagnetism of
CuMnSb Heusler alloys is well established,4 but its low
critical Ne´el temperature limits practical applications as
contrasted with the above-mentioned AFM FeRh alloys.
A new family of CuMnX alloys, where X are elements
of the fifth group with potentially higher critical temper-
ature, was proposed recently and studied theoretically.
A promising candidate seems to be the layered CuMnAs
alloy with a predicted Ne´el temperature in the range of
room temperatures.5,6
The halfmetallic CuMnSb, the first AFM Mn-based
member of Heusler and semi-Heusler alloy family, there-
fore attracted the theoretical interest in the past, in par-
ticular as concerns its magnetic structure. A pilot first-
principles study of its magnetic properties was the sub-
ject of Ref.7. Authors of this paper have compared the
total energies of the non-magnetic, ferromagnetic (FM),
and the AFM phases of CuMnSb at the experimental
volume. They found, in agreement with the experiment,
that the ground state is the AFM one. The total energy
of the FM phase is higher while the total energy of the
non-magnetic phase was found to be significantly above
energies of the AFM and FM phases. The AFM phase
was specifically chosen to be the AFM111 one, with the
alternating (111)-planes of Mn atoms with aligned spins,
as known from experimental neutron scattering studies.4
The fact that the theoretical situation can be
more complex was indicated earlier in the study of
(Cu,Ni)MnSb random alloys.8 The emphasis there was
put on the explanation of unusual concentration depen-
dence of magnetic moments and residual resistivities,
namely, the dramatic change of the slope of the above
2concentration dependencies for the Cu-content of 70-
75%. However, different ab initio calculations found that
the total energy of the ideal CuMnSb AFM100 structure
is lower than the AFM111 phase detected experimentally.
This result, obtained by the tight-binding linear muffin-
tin orbital (TB-LMTO) method8 was also confirmed by
our full-potential calculations.
Defects are very common in Heusler alloys and their
type and amount depend strongly on the sample prepa-
ration and annealing procedure. Defects either preserve
(swaps) stoichiometric composition or violate it (impu-
rities). In the case of CuMnSb alloys, real experimen-
tal samples for which the magnetic structure was stud-
ied show relatively large residual resistivities of order 50
µΩcm (see, e.g., reference in Ref.7), which clearly indi-
cates the presence of a non-negligible sample disorder. It
is thus interesting to investigate how the presence of im-
purities will influence the magnetic stability of CuMnSb.
A systematic study of formation energies of possible sto-
ichiometric (swaps) and non-stoichiometric (antisite) de-
fects in a closely related NiMnSb alloy was the subject
of Ref.9. We will adapt this approach to the case of
CuMnSb to identify the most probable defects accord-
ing to their formation energies. A systematic estimate
of formation energies of all possible defects is, however,
beyond the scope of this paper. We limit ourselves to
the most probable ones discussed in experiments10 or to
those chosen by the analogy with the NiMnSb case9 and
perform calculations in the framework of the TB-LMTO
approach combined with the coherent potential approx-
imation (CPA). The most probable defects seem to be
Mn atoms on the Cu-sublattice, MnCu, Cu atoms on the
Mn-sublattice, CuMn, Mn atoms at interstitial sites in
the non-stoichiometric case, and the Cu↔Mn swaps for
the stoichiometric CuMnSb.
We study the effect of disorder on the magnetic struc-
ture due to the defects by two independent approaches:
(i) the supercell approach employing the full-potential
Vienna ab-initio simulation package (VASP),11 and (ii)
the Heisenberg model whose parameters were determined
by the TB-LMTO-CPA approach12 in which the effect
of randomness is included in the framework of CPA. A
main problem with supercell approach is the necessity
to consider all probable AFM phases in the search for
the ground state and also the large number of possible
configurations which should be considered to simulate de-
fect concentration dependencies. The Heisenberg model
which describes directly the relevant magnetic part of
total energy and does not assume any specific magnetic
order as it starts from a completely random moment ar-
rangement, can roughly indicate possible candidates. In
this way we have extended the search also to the AFM40
phase (the A2B2-type).
13 The final search is then done
using the supercell VASP approach due to its accuracy.
Another reason for the parallel study using the super-
cell and Heisenberg model is the fact that both methods
represent limiting models of disordered systems. While
the CPA provides a good description of completely dis-
ordered alloys neglecting the local environment or short-
range order effects. The supercell approach, on the con-
trary, neglects the randomness of defects. While both
approaches should agree reasonably well in the case of
defects of one type (MnCu-antisites or Mn-interstitials),
in the case of two defects (Cu↔Mn swaps) both models
are very different. There is no correlation between posi-
tions of MnCu- and CuMn-antisites in the CPA while in
the supercell approach we assume their fully correlated
positions in the whole crystal (practically the nearest-
neighbor positions to have computationally feasible sizes
of supercells). Clearly, one thus can expect largest differ-
ences between both models for this case. The supercell
approach also allows to check the robustness of results
with respect to possible lattice relaxations which are ne-
glected in the CPA. The real alloy is thus somewhere
between these two limits.
The important characteristics of any magnetic sys-
tem are magnetic, or exchange interactions among mag-
netic moments which enter the definition of the Heisen-
berg model. In the present case, these interactions
are predominantly among Mn-moments. They are con-
structed using the first-principles Lichtenstein mapping
procedure14 adapted to the TB-LMTO-CPA approach.15
It should be noted that this procedure allows to esti-
mate directly interactions among moments at any pair
of sites, and, in particular, also as a function of varying
defect concentrations. This is very difficult in the super-
cell case. It is important to note that in the present case
the exchange integrals are determined from the reference
disordered local moment (DLM)16 state which describes
material above the critical temperature (the paramag-
netic state): no specific magnetic configuration is thus
used in their construction, as emphasized above.
The most important result of the present study is the
finding that already a low concentration of magnetic de-
fects is able to change the system total energy in favor
of the AFM111 phase so that defects can stabilize the
AFM111 ground state of CuMnSb. Finally, we have also
found that a proper treatment of electron correlations
in narrow Mn d-bands7 is important and also helps to
stabilize the AFM111 phase.
II. FORMALISM
The ideal CuMnSb has a C1b crystal structure which
can be represented by four fcc-type sublattices Cu-Mn-
ES-Sb shifted along the [111]-direction of the parent fcc-
lattice consecutively by the distance
√
3/4a, where a is
the lattice constant and the symbol ES denotes the empty
sublattice (interstitial sites). The AFM111/AFM100
magnetic structures consist of alternating [111]/[100]
planes of Mn atoms with opposite spins which have
doubled unit size as compared to the original C1b lat-
tice. Finally, the AFM40 magnetic structure is a tetrag-
onal structure with alternating double layers of oppo-
site spins along the [210]-direction (A2B2-lattice).
13 In
3our calculations we use the experimental lattice constant
a = 6.088 A˚4 and neglect small volume changes due to
defects.
Two different electronic structure methods were used
to determine the total energy of CuMnSb, both ideal
and with specific defects, namely, the supercell VASP
and TB-LMTO-CPA methods. Their technical details
are summarized below.
The supercell VASP calculations were performed using
the projector augmented wave scheme17 with different
exchange correlation potentials. Only one defect in the
unit cell is used for an antisite Mn or Cu atom or for Mn
in interstitial position, while two nearest neighbor Mn-
and Cu-antisite defects are used to describe the Cu↔Mn
swap. The magnetic supercell containing 12 atoms sim-
ulates an ideal crystal while supercells containing 24, 48,
96 and for some defects also 192 atoms simulate disor-
dered alloys with defect concentrations of 12.5%, 6.25%,
3.13% and 1.56%, respectively. It should be noted that
the presence of defects leads to a small finite total mag-
netic moment as contrasted with the exactly zero mag-
netic moment in the CPA method.
The Brillouin zone was sampled by 12×12×6 k-points
for the tetragonal unit cell with 24 atoms, and grids with
correspondingly smaller number of sampling points were
used for larger supercells. Identical large unit cell was
used for AFM100, AFM111 and AFM40 magnetic struc-
tures for every defect concentration. The total energy
error was 0.05 meV (per supercell), the difference be-
tween input and output charge densities in the final iter-
ation of selfconsistent iterations was better than 0.1 me
bohr−3. For selected configurations we also optimized
the local geometry by atomic force minimization. We
found that local distortions have only weak effect on the
total energy differences for small defect concentrations,
therefore the most presented results are shown for un-
relaxed structures. No lattice constant changes due to
defects are considered.
In the TB-LMTO-CPA approach the effects of substi-
tutional as well as magnetic disorders are described by
the CPA neglecting possible lattice relaxations, local en-
vironment and clustering (short range order) effects.12 In
the disordered case we have used a simple screened im-
purity model18 to improve the treatment of alloy electro-
statics. The spdf -basis and Vosko-Wilk-Nusair exchange
correlation potential19 were used while integration over
the full Brillouin zone was done using about 2000 k-
vectors. The same Wigner-Seitz radii were used for all
constituent atoms including the empty spheres that fulfill
interstitial sites. Calculated total energies in the DLM
state were used to estimate the formation energies of pos-
sible defects, swaps for the stoichiometric CuMnSb and
impurities for the non-stoichiometric one. The selfconsis-
tent DLM potentials were also used to estimate exchange
interactions and to construct the Heisenberg Hamilto-
nian.
In both approaches we have optionally included the
effect of electron correlations in narrow Mn-subbands
in the framework of the LDA+U method.20 We employ
the fully localized limit and make replacement Ueff =
U − J , where U and J are, respectively, Coulomb re-
pulsion and exchange constants. We used Ueff = 0.13
Ry which is similar to the value obtained in Ref.21 for
a closely related NiMnSb Heusler alloy using the con-
strained random-phase approximation. The magnetic
part of total energy is estimated from the classical Heisen-
berg Hamiltonian14,15
H = −
∑
i,j
Jij ei · ej , (1)
where i, j are site indices, ei is the unit vector pointing
along the direction of the local magnetic moment at site
i, and Jij is the exchange integral between sites i and
j. The exchange integrals, by construction, contain the
atom magnetic moments, their positive (negative) val-
ues being indicative of ferromagnetic (antiferromagnetic)
coupling. It should be noted that for an evaluation of the
exchange integrals we assume the DLM reference state in
which possible small local moments on Cu, Sb, or inter-
stitial sites vanish. The only non-zero exchange integrals
are thus among Mn atoms. The DLM state assumes no
prescribed magnetic order in the alloy, just the existence
of local magnetic moments on Mn-atoms and conclusions
drawn from it are thus very general. The DLM state can
be naturally implemented in the framework of the TB-
LMTO-CPA.16
In the case of random alloys the exchange interactions
are usually approximated by the expression
Jij =
∑
QQ′
JQQ
′
ij η
Q
i η
Q′
j (2)
in which ηQi are occupation indices (η
Q
i = 1 if site i is
occupied by the atom of type Q and ηQi = 0 otherwise).
In the general case one should consider the dependence
of vectors ei on the type of atom at the site i. The
situation is simpler in the present case, because on each
sublattice there is at most one type of magnetic atom.
Consequently, the configurationally averaged energy is
given by
〈H〉 = −
∑
i,j
∑
QQ′
JQQ
′
ij 〈ηQi ηQ
′
j 〉 ei · ej . (3)
Note that JQQ
′
ij = 0 for i = j and the occupation indices
belonging to different sites i and j average independently,
〈ηQi ηQ
′
j 〉 = xQi xQ
′
j , where x
Q
i are (local) concentrations.
The averaged total energy ε per elementary cell, e.g.,
that corresponding to the specific magnetic phase, is then
given by
ε = −
cell∑
i
∑
j
J˜ij ei · ej , (4)
where
J˜ij =
∑
QQ′
JQQ
′
ij x
Q
i x
Q′
j (5)
4are effective exchange interactions. Calculated energies
can be compared with those obtained from the corre-
sponding total energy calculations based on the supercell
VASP approach.
In the present approach we assume that magnetic mo-
ments have fixed size but allow their different spin di-
rections when searching for the magnetic ground state.
It should be noted that there exists a more general
approach, the magnetic cluster expansion method,22 in
which also the size of moments is a variational parame-
ter. On the other hand, for an alloy with very rigid mag-
netic moments like, e.g., CuMnSb with Mn-moments,
the present simpler approach is reasonable unless higher-
order magnetic interactions become important.
III. RESULTS AND DISCUSSION
A. Magnetic ground state: the ideal CuMnSb
We shall start our discussion by investigating possible
magnetic phases based on the Heisenberg model. The
easiest way of doing so is to calculate the lattice Fourier
transform J(q) of exchange integrals (2) which enter the
definition of the corresponding Heisenberg Hamiltonian
(1). The J(q) describes formally possible spin spirals
on a given lattice. We shall employ two models: (i) in
the first one leading interactions are obtained from the
DLM phase which assumes no magnetic order, and (ii)
two effective interactions are estimated from total ener-
gies of the FM, AFM100, and AFM111 phases calculated
in the VASP. These interactions represent a fit of the
three above energies onto the Heisenberg model and in
some sense they include all interactions as determined
above by first-principles mapping from the DLM phase.
In both cases we used the LDA+U approach. The values
are: J1/J2= −0.30/+0.013 mRy for the DLM case, and
J1/J2= −0.27/− 0.034 mRy for the VASP.
The result is shown in Fig. 1 in which, due to the mi-
nus sign in (1), the higher values correspond to lower
energies and vice versa. Energies of such spin spirals cor-
respond to specific magnetic phases, e.g., the values at q
= Γ, X, L, and W relate to the FM, AFM100, AFM111,
and AFM40 phases, respectively. A general magnetic
phase diagram of Heusler alloys in the J1/J2-plane was
determined in Ref.23. In agreement with its predictions,
we have the AFM100 ground state for the DLM case,
but the AMF40 ground state for the VASP, although the
AFM100 phase has almost identical energy. Both mod-
els thus predict that the AFM111 phase is not a ground
state for the ideal CuMnSb. They also suggest that the
AFM111, AFM100, and AFM40 are good candidates for
the ground state (the FM phase can be excluded). The
use of increased number of exchange integrals (62 shells)
in the evaluation of J(q) in the DLM case has only small
effect. Calculations also predict that even more complex
spin states could exist.
Using the above predictions, we present in Table I the
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FIG. 1: Lattice Fourier transform J(q) of the first two ex-
change interactions JMn,Mnij for the ideal CuMnSb, obtained
for the reference DLM state (full line) and derived from total
energies for the FM, AFM100, and AFM111 phases in the
VASP (dashed line). The case of 62 exchange interactions for
the DLM state is shown in dots.
TABLE I: Total energy in meV per Mn atom for different
phases of ideal CuMnSb and different type of electron
exchange and correlation. The ordered structure AFM111
has been taken as reference Etot=0.
LDA24 GGA25 LDA+U20
AFM100 −0.89 −0.86 −0.52
AFM40 −1.14 −1.03 −0.55
total energies of such phases calculated using the VASP
method. While all values shown correspond to the ex-
perimental lattice constant, we have also calculated total
energies corresponding to the volume minimization for
each phase and found only small differences which do
not change the result. The VASP calculations agree well
with predictions of the Heisenberg model. We mention in
particular a correct relation of the AFM40 and AFM100
phases despite the fact that the former phase was not
included in the estimate of J1 and J2 interactions.
B. Formation energies of defects
In this section we estimate formation energies of the
most probable defects in CuMnSb, both in the stoichio-
metric (swapping defects) and non-stoichiometric (anti-
site impurities) alloys. We employ the approach of Ref.9
used for a related NiMnSb Heusler alloy. The NiMnSb
semi-Heusler alloys have high Curie temperatures around
750 K and the use of the reference FM state is well justi-
fied. On the other hand, CuMnSb has a very low (Ne´el)
critical temperature of about 55 K, and in this case a rea-
sonable reference state is the paramagnetic DLM state.
We will consider the following defects: (i) Mn-antisites
on Cu, Mn-interstitials, i.e., Mn-rich CuMnSb sample,
(ii) Cu-antisites on Mn, i.e., Cu-rich CuMnSb sample,
and (iii) the following five swaps, namely, Cu↔Mn,
Cu↔Vacancy, Cu↔Sb, Mn↔Vacancy, and Mn↔Sb.
5These defects are considered as dominant ones both in
the experiment10 and in the related theoretical study of
NiMnSb9 (if one interchanges Ni and Cu). We determine
the swap (sw) and defect (def) formation energies (FE)
per formula unit using expressions
FEsw = (Eswtot − Eidtot)/xsw (6)
and
FEdef = (Edeftot −Eidtot−xCuµCu−xMnµMn−xSbµSb)/xdef ,
(7)
respectively. Here, xsw is the swap concentration, xdef
is the concentration of the defect of the type D, µD is
the chemical potential of the corresponding reservoir (D=
Cu, Mn, or Sb), and corresponding total energies of ideal
CuMnSb, CuMnSb with swaps, and CuMnSb with de-
fects are denoted as Eidtot, E
sw
tot, and E
def
tot , respectively.
It should be noted that contrary to FEsw, FEdef depend
on the choice of chemical potentials. We calculate the
chemical potentials as the energy per atom of the reser-
voir phase, i.e., the fcc-Cu, fcc-DLM Mn (LDA+U), and
Sb in the diamond structure.
TABLE II: Formation energies (6) and (7) of selected defects
(eV per formula unit) in the DLM-CuMnSb estimated using
the TB-LMTO-CPA-LDA+U approach. ES stands for the
vacancy. Calculations were done for the defect concentration
x = 0.05 in each case.
MnCu CuMn MnES Cu↔Mn
0.292 0.666 0.730 1.016
Cu↔ES Mn↔ES Mn↔Sb Cu↔Sb
2.482 3.231 3.280 7.446
In Table II we show formation energies of three typ-
ical defects for Mn- and Cu-rich CuMnSb alloys. The
most energetically favorable defect is the Mn-antisite
on the Cu sublattice, the Cu-antisite on the Mn sub-
lattice and the Mn interstitial defect. The estimated
formation energies for some of possible swaps are also
shown. The lowest formation energy corresponds to the
Cu↔Mn swap similarly as in the related NiMnSb alloy
for Ni↔Mn swap.9 It should be noted that present cal-
culations neglect the local environment effects which, as
demonstrated for NiMnSb, generally lower formation en-
ergies as compared to those obtained using the CPA.9
C. Magnetic ground state: CuMnSb with defects
Non-stoichiometry and intermixing of Cu and Mn can
be present in real materials. Mn atoms become the bond-
ing neighbors of regular Mn atoms with much stronger
exchange coupling that may overbalance the exchange
energy due to interactions within the Mn sublattice, and
reverse the order of total energies for AF100 and AF111.
The defects which are present in real samples can stabi-
lize the AFM111 phase. We consider only defects that
may appear with the highest probability, i.e., those with
the lowest formation energies. To this end we employ to-
tal energies calculated as functions of the impurity con-
centrations for various magnetic states. The main re-
sults were obtained in the framework of the supercell
VASP approach, but we also present results obtained us-
ing the Heisenberg Hamiltonian based on the paramag-
netic (DLM) state. As explained above, the main reason
for this is to illustrate the effect of different treatments of
disorder, namely, the supercell approach and the CPA, on
the magnetic stability. We consider the following defects:
(i) Mn antisites on Cu sublattice, (ii) Mn interstitials,(iii)
Cu antisites on Mn sublattice, and (iv) Mn↔Cu swaps.
In the case (iv) the chemical composition is unchanged,
while in the former cases the system is off-stoichiometric,
either Mn-rich (cases (i) and (ii)), or Cu-rich (case (iii))
ones.
TABLE III: Ground states of various defects for x > xc,
xc is a critical crossover concentration of defects. The
impurity is Mn↑ or Cu. Mn impurity has additionally 4
Sb nearest-neighbors (NN), which is not shown. Index ap
denotes the AFM phase with antiparallel alignment of defect
Mn-moments to the moments on the native Mn-sublattice.
defect ground state NN atoms of Mn↑
Cu↔Mn NN swap AFM40 1 Cu 1 Mn↑ 2 Mn ↓
Cu↔Mn swap AFM111ap 1 Mn↑ 3 Mn↓
MnCu AFM111ap 1 Mn↑ 3 Mn↓
Mn interstitial AFM111ap 1 Mn↑ 3 Mn↓
CuMn AFM40 4 Cu
The results of the supercell calculations for various de-
fect types and varying concentrations are summarized in
Fig. 2 and Table III. The following conclusions can be
made: (i) The most favorable defect stabilizing AFM111
phase is the Mn-antisite on Cu lattice (Fig. 2a,b). For
this case we have also shown the effect of lattice relax-
ations. The Mn ↑ substituting Cu prefers the Mn nearest
neighbors with magnetic moments ↑↓↓↓, its magnetic mo-
ment (lower than magnetic moments of atoms on the Mn-
sublattice) is oriented in our naming convention antipar-
allel (see Table III). The critical concentration for which
the AFM111 is stabilized is less than 3% and the effect
of lattice relaxations is negligible. We thus neglect their
effect also for other defect types. (ii) Mn interstitials also
stabilize the AFM111 phase although their effect is not so
strong, the AFM111 phase is stabilized above about 6%
(Fig. 2c). (iii) Cu antisites on Mn lattice are unable to
stabilize the AFM111 phase at low defect concentrations
observed in experiment, although they also slightly pro-
mote it (Fig. 2d); (iv) For the case of Mn-antisites on Cu
lattice we demonstrate the effect of electron correlations
by comparing the LDA, GGA, and LDA+U results for
AFM40 to AFM111 crossover (see Fig. 3). The critical
concentration is reduced about two times by correlation
effects in comparison with the LDA and slightly less in
comparison with the GGA case. It should be noted that
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FIG. 2: The total energy differences E[111]ap − E[X] be-
tween the reference AFM111ap state and corresponding anti-
ferromagnetic configuration X as a function of concentrations
of the following defects: (a) Mn antisites on Cu; (b) Mn an-
tisites on Cu but with relaxed geometry; (c) Mn interstitials;
(d) Cu antisites on Mn; and (e) Cu↔Mn swaps as obtained
from VASP calculations. Index ap denotes the AFM phase
with antiparallel alignment of defect Mn-moments to the mo-
ments on the native Mn-sublattice.
low concentrations of defects which stabilize the AFM111
phase are on the border of the accuracy of experimental
methods currently used for structural studies, namely,
the X-ray spectroscopy and the neutron scattering ex-
periment (see Sec. III E for more details concerning the
experiment).
Results based on the Heisenberg Hamiltonian are
shown in Fig. 4. We emphasize that these results were
obtained from the DLM reference state assuming no mag-
netic preference and neglecting the local environment ef-
fects. We see a good agreement with the supercell results
in particular for the AFM40 phase for Mn-antisite on Cu,
Mn-interstitial, and Cu-antisite on Mn, although the cal-
culated critical concentrations are larger.
A possible relevance of local environment effects on the
magnetic stability can be illustrated on Cu↔Mn swaps
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FIG. 3: The total energy differences of antiferromagnetic con-
figurations E[111]ap−E[40] calculated with different exchange
and correlation potentials as functions of MnCu concentra-
tions. The results for LDA,24 GGA,25 and LDA+U20 are pre-
sented for unrelaxed structures. Index ap denotes the AFM
phase with antiparallel alignment of defect Mn-moments to
the moments on the native Mn-sublattice.
(see Fig. 2e and Fig. 4d for the supercell and Heisenberg
models, respectively). While the Heisenberg model pre-
dicts the stabilization of the AFM111 phase by swaps
the supercell approach does not. The explanation con-
sists in very different ways of modeling of swaps in both
approaches: while in the supercell approach we assume
nearest-neighbor (NN) Cu↔Mn swap in the whole crys-
tal, in the Heisenberg model based on the CPA we have
completely uncorrelated Cu and Mn antisites. This result
thus shows the dependence of present predictions based
on small unit cell calculations on the local environment
effects, in particular for swaps (see Table III). The CPA
model is more realistic in this case. We can summarize
that the stabilization of the AFM111 phase by small con-
centrations of defects with the lowest formation energies
is an acceptable assumption to explain existing experi-
mental data confirming the AFM111 state for CuMnSb
alloy. Our model calculations show that the exchange
coupling between the NN pairs of Mn atoms on two dif-
ferent sublattices stabilizes the AFM111 order. We will
therefore analyze exchange interactions in more detail in
the next Section.
D. Exchange interactions
Exchange integrals between Mn-moments in both ideal
CuMnSb and CuMnSb with Mn antisites on Cu as a typ-
ical example of a possible defect were estimated using the
reference DLM state, the same as used above for the cal-
culation of total energies of the Heisenberg model.
We shall start discussion by comparing exchange inte-
grals of ideal CuMnSb obtained using different reference
states, namely, the DLM, AFM111, and AFM100 states.
The symmetry of the lattice in the AFM100 and AFM111
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FIG. 4: The total energy differences E[111]ap−E[X] between
the reference AFM111ap state and other antiferromagnetic
configurations for different defect concentrations of Mn anti-
sites on Cu (a), Mn interstitials (b), Cu antisites on Mn (c)
and for Cu↔Mn swap (d) as obtained from Heisenberg Hamil-
tonian calculations are shown. Index ap denotes the AFM
phase with antiparallel alignment of defect Mn-moments to
the moments on the native Mn-sublattice.
reference states is lower as compared to that in the DLM
state. We therefore present their shell-averaged values.
The shell-averaged JMn,Mnij are obtained by summing up
all interactions in a given shell with distance d divided
by their number.
The result is shown in Fig. 5. We emphasize that
the character of exchange interactions is very similar in
spite of very different reference states. In particular, we
note the negative (AFM-like) first and third NN inter-
actions and the positive (FM-like) second NN interac-
tion. The model Heisenberg Hamiltonian phase diagram
for Heusler alloys assuming two or three NN was stud-
ied in Ref.23. A necessary condition for the formation
of the AFM111-phase (and also for the AFM40 one)
in the framework of the two NN model is the negative
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FIG. 5: Exchange integrals of the ideal CuMnSb as a func-
tion of the distance d (in units of the lattice constant) between
Mn-moments evaluated using three different reference states,
namely, the DLM-state, the AFM111, and AFM100 ones. In
the latter two cases we present shell-averaged values (see text
for details).
JMn,Mn2 . On the contrary, the negative J
Mn,Mn
1 and the
positive JMn,Mn2 stabilize the AFM100 phase. Calculated
exchange integrals show, in agreement with the total en-
ergy calculations that the AFM100 phase has a lower
total energy than AFM111 in the ideal CuMnSb alloy.
This conclusion is confirmed for the model with up to 62
NN integrals used in the analysis of the ground state of
the Heisenberg model.
There are three kinds of JMn,Mnij for CuMnSb with the
nonzero MnCu-antisite concentrations x, namely, (i) be-
tween Mn-moments on the native Mn-sublattice (weight
1, no defects on the native lattice), (ii) between Mn-
moments on the Cu-sublattice (weight x2), and (iii) in-
tersublattice ones, in which one moment is on the Mn-
sublattice and the other on the Cu-sublattice (weight 2x).
Results are shown in Fig. 6 for interactions on the native
Mn-sublattice and for intersublattice ones. The presence
of defects strongly modifies the first two leading inter-
actions. It should be noted that JMn,Mn2 is reduced in
its size and becomes comparable to JMn,Mn3 and J
Mn,Mn
4 .
This indicates that also more distant interactions are im-
portant.
In particular, the strong weakening of FM-like JMn,Mn2
interactions indicates destabilization of the AFM100
phase with increasing Mn antisite concentration x. The
intersublattice interactions are shown in Fig. 6b. The
leading intersublattice interaction is much stronger than
on the native lattice (due to the reduction of NN Mn-Mn
distance) and becomes strongly AFM-like with increas-
ing concentration x. This is also true for the JMn,Mn2
interaction although less pronounced. The interactions,
whose weight increases with increasing concentration x,
are responsible for the crossover to AFM111 phase. How-
ever, weakening of the positive JMn,Mn2 with increasing
concentration x also supports the crossover.
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FIG. 6: Exchange interactions for CuMnSb with varying con-
centrations x of Mn antisites on Cu lattice as a function of
the distance d between Mn-moments (in the units of the lat-
tice constant) calculated by using the TB-LMTO-CPA-DLM-
LDA+U method: Interactions among moments on the native
Mn-sublattice (a), and Intersublattice interactions between
Mn moments on Mn- and Cu-sublattice (b). The case x=0
corresponds in the framework of the CPA to the limit of two
isolated Mn-moments.
E. Experiment
CuMnSb samples were prepared by direct synthesis
from elements of the following purity: Cu (99.999%), Mn
(99.98%) and Sb (99.999%), mixed in stoichometric ratio
1:1:1. Samples were placed in Al2O3 crucibles in dou-
ble sealed quartz ampoules under argon atmosphere and
heated up to 1000◦ C at a rate of 1◦ C/min and annealed
for one day. Differential thermal analysis was carried
out on Setaram SETSYS-2400 CS instrument. The crys-
tal structure of the resulting sample was investigated by
means of X-ray powder diffraction, using Bruker D8 Ad-
vance (Cu Kα radiation) diffractometer using full-profile
Rietveld method. The X-ray pattern of a CuMnSb sam-
ple was indexed in a cubic unit cell (space group F 4¯3m
with the lattice parameter a = 6.0974(3) A˚). The ab-
sence of any additional reflections indicates that sample
is single phase. Also the heat capacity measurements
were performed in the temperature range 20 - 350 K by
means of a Quantum Design PPMS equipment. For more
details see Ref.5.
Time-of-flight neutron powder diffraction data were
collected at the High Intensity Powder diffractometer
(HIPD) at Los Alamos Neutron Science Center. Sets
of collected diffraction patterns from 6 detector banks
(±40◦, ±90◦, ±153◦) at different temperatures (10, 20,
30, 40, 50, 60, 70 and 100 K) were used for refinement.
Data analysis was performed using FullProf software.26
Possible magnetic arrangement was determined by irre-
ducible representation analysis using SARAh software.27
Structural refinement shows that structure is cubic
with space group F 4¯3m (216) and cell parameter for 100
K is 6.086(1) A˚ as was already reported.4,28 During the
refinement a small discrepancy of intensities of main nu-
clear reflections was found. This can be due to the fact
that the atomic occupancies can be different from the
ideal - fully separated - one. Due to the fact that coher-
ent scattering length of Mn (bc = −3.75 fm), Sb (bc =
5.51 fm) and Cu (bc = 7.72 fm) are very different, the
neutron diffraction data can provide very accurate infor-
mation about the mixed site occupancy. Several possibil-
ities were tested. The best fit of the experimental data
was obtained by mixed occupancies Mn/Cu (Wyckoff po-
sition 4a) and Cu/Mn (Wyckoff position 4c). Constraints
to site full occupancy and same occupancy ratio for both
sites were applied. By refinement the mix/occupancy ra-
tio was found to be 1.6(1)% in a good agreement with
results of presented theoretical calculations.
An apparition of magnetic reflections was observed on
diffraction patterns bellow 50 K. These reflections can be
indexed using magnetic propagation vector q = (1
2
1
2
1
2
).
This means that magnetic unit cell doubles the structural
one in all three directions. From the irreducible represen-
tation (IR) analysis only two possible arrangements of
spins for the Mn site (Wyckoff position 4a) are possible -
Γ2 and Γ3. Both solutions were tested, but only Γ2 model
was able to fit the experimental data. IR Γ2, AF111, is
represented by (111) ferromagnetic planes with spins per-
pendicular to the plane which are stacked antiferromag-
netically along [111] direction. The same configuration
can be described by the magnetic space group RI3c (No.
161.72, setting 1
2
a − 1
2
b, 1
2
b − 1
2
c, 2a + 2b + 2c). Calcu-
lated magnetic moment of Mn atoms at 10 K is 3.4(1) µB.
This value is very close to 3.9(1) µB obtained with neu-
tron diffraction at 4 K and reported in Ref.4. The small
discrepancy can be due to the different temperatures at
which the neutron diffraction data were collected.
IV. CONCLUSIONS
The controversy between the experimentally observed
AFM111 magnetic structure of CuMnSb and the total
energy calculations which predict a different ground state
for this material is resolved. Large residual resistivities
observed experimentally indicate presence of structural
defects due to the sample preparation. We suggest as
an explanation the presence of defects in real material.
We have therefore investigated from first principles the
ground state of selected magnetic phases of CuMnSb
alloy with defects using the supercell VASP total energy
calculation and the model Heisenberg Hamiltonian
9derived from the paramagnetic DLM state with no
prescribed magnetic configuration. The Heisenberg
Hamiltonian, determined from the paramagnetic state,
was used to find possible candidates for the magnetic
ground state. In all cases we used the LDA+U approach
to treat approximately the effect of electron correlations
in narrow Mn d-bands. The main conclusions are: (i)
The magnetic ground state of ideal CuMnSb crystal is
not the AFM111 phase; (ii) The experimentally observed
AFM111 phase is the ground state of CuMnSb samples
with Mn defects which occupy the nearest neighbor sites
of the native Mn sublattice, namely, Mn-antisites on
Cu lattice, and Mn-interstitials; (iii) The crossover to
the AFM111 phase is due to the very strong AFM-like
intersublattice interactions among the NN Mn-moments
with distances shorter than those on the native Mn
lattice. The weakening of the ferromagnetic 2nd NN
interactions on the native Mn-lattice due to defects also
helps to stabilize the AFM111 phase; (iv) The supercell
approach gives critical concentrations for the crossover
to AFM111 state below 3% for defects mentioned
above while the Heisenberg model approach predicts
the values at least two times larger; and (v) Neutron
diffraction experiment confirms the existence of low
defect concentrations of about 2%. We conclude that the
experimentally observed AFM111 phase is stabilized by
defects, in particular those that form the NN pairs with
Mn atoms on the native Mn sublattice (Mn antisites on
Cu, Mn interstitials, and possibly also Cu↔Mn swaps).
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